Atmospheric organic aerosol (OA) has important impacts on climate and human health but its 17 sources remain poorly understood. Biogenic monoterpenes and sesquiterpenes are critical 18 precursors of OA. The OA generation from these precursors predicted by models has considerable 19 uncertainty owing to a lack of appropriate observations as constraints. Here, we perform novel lab-20 in-the-field experiments, which allow us to study OA formation under realistic atmospheric 21 conditions and offer a connection between laboratory and field studies. Based on the lab-in-the-22 field experimental approach and positive matrix factorization analysis on aerosol mass 23 spectrometry data, we provide a measure of OA from monoterpenes and sesquiterpenes in the 24 southeastern U.S. Further, we use an upgraded atmospheric model and reproduce the measured 25 OA concentration from monoterpenes and sesquiterpenes at multiple sites in the southeastern U.S., 26 building confidence in the observed attribution of monoterpene SOA. We show that the annual 27 average concentration of OA from monoterpenes and sesquiterpenes in the southeastern U.S. is 28
. This amount is substantially higher than represented in current regional models and 29 accounts for 21% of World Health Organization PM2.5 standard, indicating a significant contributor 30 of environmental risk to the 77 million habitants in the southeastern U.S. 31
Introduction 33
Organic aerosol (OA) constitutes a substantial fraction of ambient fine particulate matter (PM) and 34 has large impacts on air quality, climate change, and human health (Carslaw et al., 2013; Lelieveld 35 et al., 2015) . OA can be directly emitted from sources (primary OA, POA) or formed by the 36 oxidation of volatile organic compounds (VOCs) (secondary OA, SOA). Global measurements 37 revealed the dominance of SOA over POA in various atmospheric environments (Jimenez et al., 38 2009; Ng et al., 2010) . The VOCs can be emitted from natural sources (i.e., biogenic) or human 39 activities (i.e., anthropogenic). However, the relative contribution of biogenic and anthropogenic 40 sources to SOA formation in the atmosphere is poorly constrained. This knowledge is critical for 41 formulating effective pollution control strategies that aim at reducing ambient PM concentrations 42 and accurately assessing the climate effects of OA (Hallquist et al., 2009) . Biogenic VOCs such 43 as monoterpenes (MT, C10H16) and sesquiterpenes (SQT, C15H24) are recognized as critical 44 precursors of SOA (Tsigaridis et al., 2014; Hodzic et al., 2016; Pye et al., 2010) . The predicted 45 global SOA production from MT and SQT varies from 14 to 246 Tg yr -1 (Spracklen et al., 2011; 46 Pye et al., 2010) . This large variation in model estimates arises from a number of factors (including 47 uncertainty in SOA yield) and introduces significant uncertainties in estimating OA concentrations 48 and its subsequent influences on climate and human exposure. 49
The large model uncertainties call for ambient observations to constrain model results. 50
Isolating and measuring SOA production from specific sources are challenging because SOA is a 51 complex mixture consisting of thousands of compounds and SOA evolves dynamically in the 52 atmosphere. A widely used method to apportion OA into different characteristic sources is positive 53 matrix factorization (PMF) analysis on the organic mass spectra measured by aerosol mass 54 spectrometer (AMS) (Ulbrich et al., 2009; Jimenez et al., 2009; Ng et al., 2010) . PMF-AMS 55 analysis groups OA constituents with similar mass spectra and temporal variations into 56 characteristic OA subtypes (i.e., factors). This analysis has revealed two ubiquitous OA subtypes 57 in ambient environments, less-oxidized oxygenated OA (LO-OOA) and more-oxidized 58 oxygenated OA (MO-OOA), which are differentiated by their degree of carbon oxidation. OOA and MO-OOA together account for more than half of total submicron OA (Crippa et al., 60 2014; Xu et al., 2015a; Jimenez et al., 2009) . Primarily based on comparison of their mass spectra 61 with those of laboratory-generated SOA, previous studies proposed that LO-OOA is freshly 62 formed SOA from various sources and evolves into MO-OOA with photochemical aging in the 63 6 Each perturbation experiment can be divided into the following four periods: Amb_Bf 126 (30min ambient measurement period before sampling chamber), Chamber_Bf (from sampling 127 chamber to VOC injection, a period ~30min), Chamber_Af (from VOC injection to stop sampling 128 chamber, a period ~40min), and Amb_Af (30min ambient measurement period after sampling 129 chamber). We calculate the changes in the mass concentration of OA factors after perturbation 130 based on the difference between Chamber_Bf and Chamber_Af, after taking ambient variation into 131 account. The detailed procedure is presented in Appendix A. We develop a comprehensive set of 132 criteria to determine if the changes are statistically significant and if the changes are simply due to 133 ambient variations. The details of these criteria are also discussed in Appendix A. 134
Analytical instruments 135
A suite of analytical instruments was deployed to characterize both the gas-phase and particle-136 phase compositions. The particle-phase composition was monitored by a scanning mobility 137 particle sizer (SMPS, TSI) and a high resolution time-of-flight aerosol mass spectrometer (HR-138 ToF-AMS, Aerodyne), which shared the same sampling line. A diaphragm pump (flow rate ~8 139 liter per minute) was connected to this sampling line, which increased the sampling flow rate and 140 suppressed particle loss in the sampling line by reducing the residence time in the tubing. The HR-141 ToF-AMS measures the chemical composition and size distribution of submicron non-refractory 142 species (NR-PM1) with high temporal resolution. The instrument details about HR-ToF-AMS have 143 been extensively discussed in the literature (Canagaratna et al., 2007; DeCarlo et al., 2006) and 144 the operation of HR-ToF-AMS in this study is described in the section S2 of Supplement. 145
The gas-phase composition and oxidation products was monitored by an O3 analyzer 146 (Teledyne T400, lower detectable limit 0.6ppb), an ultrasensitive chemiluminescence NOx monitor 147 (Teledyne 200EU, lower detectable limit 50ppt), and a high-resolution time-of-flight chemical 148 ionization mass spectrometer (HR-ToF-CIMS). The HR-ToF-CIMS with I -as regent ion can 149 measure a suite of oxygenated volatile organic compounds (oVOCs) at high frequency (1Hz). 150
Detailed working principles and sampling protocol can be found in Lee et al. (2014) . The 151 concentrations of VOCs were not measured in this study. All gas-phase measurement instruments 152 shared the same sampling line. Similar to the particle sampling line, a diaphragm pump (flow rate 153 ~8 liter per minute) was connected to the gas sampling line to reduce the residence time in the 154 tubing. 155 Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017 -1109 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 2 January 2018 c Author(s) 2018. CC BY 4.0 License.
Positive Matrix Factorization (PMF) analysis 156
PMF analysis has been widely used for aerosol source apportionment in the atmospheric chemistry 157 community (Jimenez et al., 2009; Crippa et al., 2014; Xu et al., 2015a; Ng et al., 2010; Ulbrich et 158 al., 2009; Beddows et al., 2015; Visser et al., 2015) . PMF solves bilinear unmixing factor model 159 (Paatero and Tapper, 1994; Ulbrich et al., 2009 ) by minimizing the summed least squares errors 160 of the fit weighted with the error estimates of each measurement. We utilized the PMF2 solver, 161 which does not require a priori information and reduces subjectivity. In this study, we performed 162 PMF analysis on the high-resolution mass spectra of organic aerosol (inorganic species are 163 excluded) of combined ambient and perturbation data in the one-month measurements. 164
Considering that (1) the perturbation data only account for ~10% of total data and (2) the OA 165 concentration is similar in the perturbation experiments and typical ambient measurements, the 166 perturbation experiments do not create a new factor that does not already exist in the ambient data. 167 This is desirable because it allows PMF analysis to apportion the newly formed OA in the 168 perturbation experiments into pre-existing OA factors in the atmosphere. 169
We resolved five OA factors, including hydrocarbon-like OA (HOA), cooking OA (COA), 170 isoprene-derived OA (isoprene-OA), less-oxidized oxygenated OA (LO-OOA), and more-171 oxidized oxygenated OA (MO-OOA). The time series and mass spectra of OA factors are shown 172 in Fig. 2 . The same 5 factors have been identified at the same measurement site and extensively 173 discussed in the literature (Xu et al., 2015a; Xu et al., 2015b; Xu et al., 2017) . Below, we only 174 provide a brief description on these OA factors and more details are discussed in section S3 of 175 Supplement. The mass spectrum of HOA is dominated by hydrocarbon-like ions (CxHy + ions) and 176 HOA is a surrogate of primary OA from vehicle emissions (Zhang et al., 2011) . For COA, its 177 concentration is higher at meal times and its mass spectrum is characterized by prominent signal 178 at ions C3H5 + (m/z 41) and C4H7 + (m/z 55), which likely arise from unsaturated fatty acids (Huang 179 et al., 2010; Mohr et al., 2009) . The mass spectrum of isoprene-OA is characterized by prominent 180 signal at ions C4H5 + (m/z 53) and C5H6O + (m/z 82) and it is related the reactive uptake of isoprene 181 oxidation products, isoprene epoxydiols (IEPOX) (Budisulistiorini et al., 2013; Hu et al., 2015; 182 Robinson et al., 2011; Xu et al., 2015a 
Details of multiple ambient sampling sites 187
Measurements at multiple sites in the southeastern U.S. were performed as part of Southeastern 188
Center for Air Pollution and Epidemiology study (SCAPE) and Southern Oxidant and Aerosol 189
Study (SOAS) . Detailed descriptions about these field studies have been discussed in the literature 190 (Xu et al., 2015a; Xu et al., 2015b) and section S4 of Supplement. The sampling periods are shown 191
in Table S1 and the sampling sites are briefly discussed below. enclosure and surrounded by black lights. The detailed description about chamber facility can be 211 found in Boyd et al. (2015) . The experimental procedures have been discussed in Tuet et al. (2017) . 212
In brief, the chambers were flushed with clean air prior to each experiment. Then, α-pinene and 213 oxidant sources (i.e., H2O2, NO2, or HONO) were injected into chamber. Once the concentrations 214 of species stabilize, the black lights were turned on to initiate photooxidation. The experimental 215 conditions are summarized in Table S2 . Considering that the OA mass concentration affects the 216 partitioning of semi-volatile organic compounds (Odum et al., 1996) and hence affects the organic 217 mass spectra measured by AMS, we calculated the average mass spectra in these laboratory studies 218 by only using the data when the OA mass concentration is below 10 µg m We 228 also applied lightning assimilation to improve convective rainfall (Heath et al., 2016) . We performed two simulations with different organic aerosol treatment. The "default 234 simulation" generally follows the scheme of Carlton et al. (2010) , with IEPOX SOA following 235 Pye et al. (2013) and documented in Appel et al. (2017) (Fig. S1a) . The traditional two-product 236 absorptive partitioning scheme (Odum et al., 1996) is used in "default simulation" to describe SOA 237 formation from monoterpenes using data from laboratory experiments by Griffin et al. (1999) . In 238 the "updated simulation", we incorporate two recent findings. Firstly, we implemented MT+NO3 239 chemistry to explicitly account for the organic nitrate compounds that have recently been shown 240 to be a ubiquitous and important component of OA (Pye et al., 2015; Kiendler-Scharr et al., 2016; 241 Lee et al., 2016; Ng et al., 2017) . We follow the scheme described in Pye et al. (2015) to represent 242 the formation and partition of organic nitrates from monoterpenes via multiple reaction pathways 243 (i.e., oxidation by NO3 and oxidation by OH/O3 followed by RO2+NO). Secondly, we improved 244 the parameterization of SOA formation from MT+O3/OH based on a recent study by Saha and 245 Grieshop (2016) , who applied a dual-thermodenuder system to study the α-pinene ozonolysis SOA. 246
The authors extracted SOA yield parameters by using an evaporation-kinetics model and volatility 247
Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1109 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 2 January 2018 c Author(s) 2018. CC BY 4.0 License. basis set (VBS). The SOA yields in Saha and Grieshop (2016) are consistent with recent findings 248 on the formation of HOMs (Ehn et al., 2014; Zhang et al., 2015) and help to explain the observed 249 slow evaporation of α-pinene SOA (Vaden et al., 2011) . In the updated simulation, we use the 250 VBS framework with parameters derived from Saha and Grieshop (2016) . The properties of 7 251 volatility bins are listed in Table S3 . A schematic of SOA treatment in "updated simulation" is 252 shown in Fig. S1b . Additional details of the CMAQ simulations are given in the section S5 of 253
Supplement. 254

Results and Discussions 255
α-pinene perturbation experiments 256
A total of 19 α-pinene perturbation experiments were performed at different times of the day (i.e., 257 from 9am to 9pm) to probe a wide range of reaction conditions. The concentrations of O3 and NOx 258 during α-pinene perturbation experiments are summarized in Table S4 . Initially ~14 ppb α-pinene 259 is injected into chamber, but only a small fraction of α-pinene is reacted in the chamber, with most 260 of α-pinene being carried out of the chamber due to dilution with ambient air (section S6 of 261 Supplement). 262 The most striking feature is a burst increase of LO-OOA after α-pinene injection. This is the most 264 direct and compelling evidence that freshly formed α-pinene SOA contributes to LO-OOA. About 265 15 min after α-pinene injection, LO-OOA concentration starts to decrease, as ambient air 266 continuously flows into the chamber and dilutes the concentration of LO-OOA (section S6 of 267 Supplement). As shown in Fig. S2 , the major known gas-phase oxidation products of α-pinene 268 measured by HR-ToF-CIMS (Eddingsaas et al., 2012; Yu et al.; Lee et al., 2016) show an 269 immediate increase after α-pinene injection. This verifies the rapid oxidation of α-pinene in the 270 chamber. 271 conditions vary between experiments, we note that both LO-OOA enhancement amount and LO-278 OOA formation rate (i.e., slope of LO-OOA increase) correlate positively with ozone 279 concentration (Fig. 5 ). This correlation suggests that the concentration of oxidants, both ozone and 280 hydroxy radical (OH, which is not measured in this study but is known to positively correlate with 281 ozone in the atmosphere), is a controlling variable for OA formation in α-pinene experiments. This 282 is likely because higher oxidant concentrations lead to more α-pinene consumption and hence more 283 OA production with the same reaction time. 284
MO-OOA only increases in 1 out of 19 α-pinene experiments. The lack of enhancement in 285 MO-OOA suggests that the HOMs, which are rapidly produced from the α-pinene oxidation (Ehn 286 et al., 2014) , are unlikely contributors to MO-OOA, though more future studies on the apportion 287 of HOMs by PMF analysis are warranted. Isoprene-derived OA (isoprene-OA) increases in 7 out 288 of 19 α-pinene experiments. This increase is surprising because the isoprene-OA factor is typically 289 interpreted as SOA from the reactive uptake of IEPOX. Our results demonstrate that the isoprene-290 OA factor (also referred to as "IEPOX-OA" in some studies) could have interferences from α-291 pinene SOA. This conclusion could be applicable to isoprene-OA factor resolved at other 292 monoterpenes-influenced sites. Primary OA factors, i.e., HOA and COA, only show slight 293 increases in 1 or 2 α-pinene experiments, indicating a lack of interference from α-pinene SOA in 294 these factors. 295
β-caryophyllene perturbation experiments 296
A total of 6 β-caryophyllene perturbation experiments were performed. Initially ~10 ppb 297 β-caryophyllene is injected into chamber The concentrations of O3 and NOx during β-298 caryophyllene perturbation experiments are summarized in Table S4 . In all β-caryophyllene 299 perturbation experiments, LO-OOA also shows a significant enhancement (Fig. 4b) . This clearly 300 demonstrates that the freshly formed SOA from β-caryophyllene oxidation can be another source 301 of LO-OOA. In addition to LO-OOA, COA shows an unexpected increase in 5 out of 6 β-302 caryophyllene experiments. We have ample evidence that the COA factor at the measurement site 303 has contributions from cooking activities. Firstly, the diurnal variation of COA peaks during meal 304 times (Fig. S3a) . Secondly, the COA concentration shows clear increase on football days, 305 consistent with barbecue activities on campus and close to the measurement site. Thirdly, the COA 306 concentration is enhanced on the days right before the start of a new semester when there are many 307 fraternity/sorority rush events (i.e., barbecue activities) on campus (Fig. S3b and S3c the COA enhancement in β-caryophyllene experiments underscores the fact that COA may not be 309 purely from cooking activities in areas with large biogenic emissions. 310
Perturbation experiments with other VOCs 311
In addition to α-pinene and β-caryophyllene, we also performed perturbation experiments 312 by injecting isoprene, m-xylene, or naphthalene, which are important biogenic and anthropogenic 313 emissions, respectively. However, the SOA formation from these VOCs is not detectable. This is 314 mainly due to either lower SOA yields (of isoprene) or slower oxidation rates (of m-xylene and 315 naphthalene) compared to α-pinene and β-caryophyllene (section S6 of Supplement). The 316 perturbation experiments with other VOCs confirm the stronger ability of α-pinene and β-317 caryophyllene to produce SOA (Kroll et al., 2006; Ng et al., 2007; Griffin et al., 1999) . 318
We have also performed perturbation experiments by injecting acidic sulfate particles to 319 probe reactive uptake of IEPOX. We observed enhancement in isoprene-OA concentration after 320 the injection of sulfate particles. The detailed results are included in Appendix B. 321
Perturbation experiments vs. mass spectra comparison 322
The perturbation experiments provide more insights into the sources of OA factors than 323 traditional mass spectra comparison. Previous studies concluded that LO-OOA (also denoted as 324 semi-volatile oxygenated organic aerosol, SV-OOA) represents freshly formed SOA, mainly based 325 on the observation that the mass spectra of laboratory-generated fresh SOA from various sources 326 better resemble the mass spectrum of LO-OOA than other factors (Jimenez et al., 2009; Ng et al., 327 2010) . While this mass spectra comparison approach sheds light on the potential sources of LO-328 OOA, it does not allow for evaluating whether freshly formed SOA in the atmosphere is 329 exclusively apportioned into LO-OOA. The perturbation experiments, on the other hand, provide 330 a way to evaluate this explicitly. Here, we directly produce SOA from a specific known VOC in 331 ambient air matrix and determine where it is apportioned into. For example, we show that while 332 fresh SOA from α-pinene and β-caryophyllene oxidations are mainly apportioned into LO-OOA, 333 they could also be possibly apportioned into isoprene-OA factor and COA, respectively. 334
The perturbation experiments have the potential to utilize subtle differences across the 335 entire the mass spectrum to evaluate the sources of OA factors. Based on previous laboratory 336 studies, the mass spectra of fresh SOA from α-pinene oxidation and β-caryophyllene oxidation 337 share much similarity, but there are subtle differences in the mass spectra (Bahreini et al., 2005; 338 Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1109 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 2 January 2018 c Author(s) 2018. CC BY 4.0 License. Tasoglou and Pandis, 2015) . For example, in the perturbation experiments a fraction of the fresh 339 β-caryophyllene SOA is apportioned into COA factor, but we do not observe similar behavior for 340 α-pinene SOA. This is likely because f55 (i.e., the ratio of m/z 55 to total signal in the mass spectrum) 341 is typically higher in β-caryophyllene SOA than α-pinene SOA and the mass spectrum of COA is 342 characterized by prominent signal at m/z 55 (Fig. 2) . with those in α-pinene ambient perturbation experiments (denoted as SOAambient). The degree of 357 similarity in OA mass spectra (i.e., evaluated by the correlation coefficient) between laboratory α-358 pinene SOA generated under NO-free condition (i.e., denoted as SOAlab,NO-free, using H2O2 359 photolysis as oxidant source) and SOAambient shows a strong dependence on ambient NO 360 concentration, under which the SOAambient is formed. The degree of similarity in mass spectra 361 decreases rapidly when ambient NO increases from 0.1 to 0.2ppb, and then reaches a plateau at 362 ~0.3ppb NO. The opposite trend is observed when laboratory α-pinene SOA generated in the 363 presence of high NO concentrations (i.e., denoted as SOAlab,high-NO, using the photolysis of NO2 or 364 nitrous acid as oxidant source) are compared with SOAambient. These observations directly 365 demonstrate the transition of RO2 fate as a function of NO under ambient conditions. For the 366 perturbation experiments performed when ambient NO is below ~0.1ppb, the mass spectra of 367 SOAambient are similar to SOAlab,NO-free, consistent with that RO2 mainly reacts with hydroperoxyl 368 (HO2) or isomerizes. In contrast, for the perturbation experiments performed when ambient NO is 369 above ~0.3ppb, the mass spectra of SOAambient are similar to SOAlab,high-NO, consistent with that the 370 RO2 fate is dominated by NO. This NO level (~0.3ppb) is consistent with the NO level required to 371 dominate the fate of RO2 in the atmosphere, as calculated by using previously measured HO2 and 372 kinetic rate constants (section S8 of Supplement). These observations also directly illustrate that 373 the SOA composition from laboratory studies can be representative of atmosphere. We note that 374 the mass spectra of SOAambient are generally more similar with that of laboratory SOA generated 375 using NO2 photolysis as oxidant source than using nitrous acid photolysis. This suggests that 376 laboratory experiments using NO2 photolysis as oxidant source better represent ambient high NO 377 oxidation conditions in the southeastern U.S. than experiments using nitrous acid do. Possible 378 explanations are discussed in section S7 of Supplement. This finding provides new insights into 379 designing future laboratory experiments to better mimic the oxidations in ambient environments. 380
Abundance of SOAMT+SQT in the Southeastern U.S. 381
The ambient perturbation experiments provide direct evidence that the majority of freshly formed 382 SOA from the oxidation of MT and SQT contributes to LO-OOA. Previous studies suggest that 383 the oxidation of β-pinene (another important monoterpene) by nitrate radicals (NO3) contributes 384 to LO-OOA in the southeastern U.S. (Boyd et al., 2015; Xu et al., 2015a) , though this reaction 385 alone cannot replicate the magnitude of LO-OOA, particularly during the daytime (Pye et al., 386 2015) . Considering the large biogenic emissions in the southeastern U.S. (Guenther et al., 2012) 387 and the new results from our perturbation experiments, we propose that the major source of OOA in this region is the oxidation of MT and SQT by various oxidants (O3, OH, and NO3). To 389 test this hypothesis, we use CMAQ to simulate pollutant concentrations across the southeastern 390
U.S. 391
The SOAMT+SQT concentration in the default simulation (i.e., no explicit organic nitrate 392 partitioning, Griffin et al. (1999) 
photooxidation parameterization) is significantly lower than LO-393
OOA by 55-84% (Fig. 7) . In contrast, SOAMT+SQT in the updated simulation (explicit organic 394 nitrates and Saha and Grieshop (2016) VBS for MT+O3/OH) accurately reproduces the magnitude 395 and diurnal variability of LO-OOA for each site (Fig. 8a) . The model bias is reduced to within 396 ~20% for most sites, except for Centreville, Alabama (i.e., 43% for CTR_June dataset). The 397 consistency between modeled SOAMT+SQT and measured LO-OOA at multiple sites and in different 398 seasons supports our hypothesis that LO-OOA largely arises from the oxidation of MT and SQT 399 in the southeastern U.S. higher than represented in current models (Lane et al., 2008; Zheng et al., 2015) . The oxidation of 410 MT and SQT is likely an under-estimated contributor to natural PM in pre-industrial period, which 411 determines the baseline state of atmosphere and the estimate of climate forcing by anthropogenic 412 emissions (Carslaw et al., 2013) . Models need to improve the description of the MT and SQT 413 oxidation to reduce the uncertainties in estimated OA budget and subsequent climate forcing. 414
We note that we do not conclude that LO-OOA arises exclusively from MT and SQT, SOA 415 from anthropogenic VOCs may also contribute to LO-OOA. However, the SOA contribution from 416 anthropogenic VOCs is expected to be much smaller than that from biogenic monoterpenes and 417 sesquiterpenes in the southeastern U.S. Firstly, as shown in the perturbation experiments, α-pinene 418 and β-caryophyllene produce more SOA than m-xylene and naphthalene using the same 419 experimental approach in ambient air matrix. Together with weaker emissions of anthropogenic 420
VOCs than biogenic VOCs in the southeastern U.S. (Goldstein et al., 2009) . Even if we double 423 the SOA yields of anthropogenic VOCs to account for the potential vapor wall loss in laboratory 424 studies (Zhang et al., 2014) , the concentration of SOA from anthropogenic VOCs oxidation is still 425 negligible compared to SOAMT+SQT. SOA from anthropogenic VOCs oxidation could be abundant 426 in urban areas of the western U.S. There is evidence that LO-OOA in California is related to the 427 oxidation of anthropogenic VOCs, as radiocarbon analysis suggests 68-75% of carbon in LO-OOA 428 in California stems from fossil sources (Hayes et al., 2013; Zotter et al., 2014 
Implications 432
In this study, we propose that LO-OOA can be used as a surrogate of fresh SOA from MT and 433 SQT in the southeastern U.S., based on the weight of evidence provided by: (1) (Hoyle et al., 449 2011; Goldstein et al., 2009; Surratt et al., 2010; Rollins et al., 2012; Xu et al., 2015a) . Thus, 450 regulating anthropogenic emissions could help reduce SOA concentration (Lane et al., 2008; Pye 451 et al., 2015; Zheng et al., 2015) . For example, as observed in our ambient perturbation experiments, 452 one controlling parameter of α-pinene SOA formation is the concentration of atmospheric oxidants 453 (O3, OH, and NO3), which are known to strongly depend on NOx concentration. As it has been 454 shown that anthropogenic emissions exert complex and non-linear influences on biogenic SOA 455 formation (Zheng et al., 2015) , the effectiveness of regulating anthropogenic emissions on 456 biogenic SOA burden requires careful investigations. Importantly, the novel lab-in-the-field 457 perturbation experiments substantially improve our understanding of ambient OA sources. This Chamber_Af (~40min), and Amb_Af (~40min). "Amb" and "Chamber" represent that instruments 473 are sampling ambient and chamber, respectively. "Bf" and "Af" stand for before and after 474 perturbation, respectively. The solid lines are measurement data. Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1109 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 2 January 2018 c Author(s) 2018. CC BY 4.0 License. Fig. 6 . The correlation coefficients between the mass spectra of OA formed in laboratory under 503 different NO conditions ("SOAlab") and those of OA formed in ambient α-pinene perturbation 504 experiments ("SOAambient"). The subscripts "lab" and "ambient" indicate the SOA formed under 505 laboratory conditions and ambient conditions, respectively. Three different oxidant sources (i.e., 506 H2O2, HONO, and NO2) are used to create different NO concentrations in laboratory studies. The 507 mass spectra of "SOAambient" are calculated by comparing the mass spectra of OA during 508
Chamber_Af and those of extrapolated Chamber_Bf (section S7 of Supplement). To calculate 509 reliable mass spectra of "SOAambient", only the experiments with significant OA enhancement are 510 analyzed and shown here (Appendix A). The x-axis is the average NO concentration during each 511 perturbation experiment. The data points on the same vertical line (i.e., the same NO concentration) 512 are from the same perturbation experiment, but compared to three different laboratory experiments. 513
The Table S1 . In panel (a), since the perturbation experiments show that 16% of SOA from α-pinene 532 oxidation is apportioned into isoprene-OA (Fig. S7a) , we only include 84% of modeled SOA from 533 MT+O3/OH when comparing with LO-OOA for the sites with isoprene-OA (Fig. S7a) . The mean 534 bias (MB), mean error (ME), and normalized mean bias ( and Development supported the research described here. It has been subjected to Agency 548 administrative review and approved for publication but may not necessarily reflect official Agency 549 policy. 550 Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017- 
